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PROJECT COST ESTIMATING

*
R, L. Petruschell

INTRODUCTION

Cost estimating is ail too frequently thought of &s & necessary
but duil and uninspiring tssk better performed by persons who are either
incapabie of, or uninterested in, wrestling with the {mportant and ex-
citing 1ssues of the day. Even with the current concern fcy the eco-
nowic implications of choice, coat estimating is only beginning to be
accorded its rightful place in the ‘ecisicnmaking process. The regsons
for this sre manv, but the most significsrt is probably lust 8 general
lack of awasreness of the pctential benefits that sre to be reslized.
One place whevre cost estimating has, in recent years, been allowed to
pley its proper vole is in military long-icnge planiing, end the re-
wards have i{ndesd been grest. The general philosophy of the militsry
planner and the concepts and methods of the coat estimator that have
permitted this to happer are c'acugsed In the first part of this paper.
in the second part, 8n cxample of a cost analysis in support of & mili-
tary plauning problem is presented. The exeample polnts up the fact that
cost estimatirs can be &n intellecicatly stimuleting activity werthy
of the applicaticon of the best aneiyticsl skills availsbie; sud secomnd,
that it cen provide useful answvere to Jifficult and important questcions
even when uncertainty is great snd quentification is difficuit. Fven
though the discussion in this paper iz baged on a wilitary long-range
plenning applicacion,the concepts, methode and techniques thet have
mede succesc possible there, have wuch more general implications. Be-

leving this, the suthor hopes that this paper will serve to further
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the swarenesgs of meny, and stimulete some, to sctively seek cut the
fmportan. benefits to be derived from a less traditional sprroach to

cost estimating.

PROJECT COST ESTIMATING FOR MILITARY PLANNIK

~cdpon and support sv-*ems, the building blocks of the wmilitary
planner, require long lesd times, end the comeiiment of substantial
quantities of naticnel resourceg, for their acguisition. The long lesa
times force the planner to focus his sctivities on a Jistant time hori-
zon and, &t the same tise, permit hin to congider s wide vange of slter-
netives. Becaus> the resources aveilable to him sre limited, the plan-
ner may not do all that seems desirablis and must thercfore make choices
from among the slternatives availlable. Tt 1s in sssistirg him t. weke
efficient use of the resources that the cost estimstor plavs his voie.

The efficient allocation of limited resources among competing ob-
jectives {s the prxoblem typically sddressed by the economist. His con-
cern 18 with the requirements for manpower, for facilities, and for
the raw materials to achicve an objective, as well as with the monetary
implications. In supporting the lonx-range planner the cost estlmatoy
takes much the same view. The lsck of descriptive detzil, snd the un-
certainty typically sssocfeted with the disrent time hovizon of the
military plenner, meke {t impossibie to use conventiounsl cest estimating
methods to get at the resouvce impitcarions of the alrernatives. The
process is instead an “anelvtical' one reliying heavily on the use of
highly generaiized estimating relstionships based on past experience,
To stress these two points, the terms ''resource' and "analysis" are
frequently subatituted for "cost’” and "estimate."

Even within the context of military planning, resource andlvsis
may be applied to a broad spectrum of problems and each hus its own
apecisl impact on the nature of the methods used,

At one end of the spectrum the problem is fo {1luminate the re-
source implications of altemmste wespon design specificstions end sys-
tem operating character!stica. Such anslyses necessitaie "in-depth"
cougideration of & single system #nd are most frequently used to help
pur together an infitial system desc.iption. This technique is calied

“Intra-Systes’ resource analysis,
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After & preferred configurstion has been identiffed, the question
iogically turns to whether the given ayetem is preferred to & number
of others. Here resource anslysis is used to provide information ebout
the resource implications of esach cf the siternstives and {s refervred
to 23 ""Inter-System' resource anal,2is. Rather chan providing 2n in-
depth &nalysis of a single syscem, inter-system analysic concentrates
on isclating those feetures of each of the slternstive systems that
w8uge {he resource rec¢irements to diffesr.

It 18 infrequent that a militsry plsnner hes se simple & choice
&t hetween one weapon system &nd encther. The more typical case requires
chovging sone nunber of @ach, and th. juestion is, then, how msay?

Here, the resource snaelysis preoblex is to determine the aggreygate re-
source lmptications of altermative mixes or groups of weapon systems

and f{a cuwlled "Total-Force' resource enslysis. In this form of analy~
gl., tha way in which the various systems interact with each cthar aa
they compete for available resources 1s stressed. The objective 18 to
ghvww the time-phased, net resource requiremente resulting from the total
force rather thsn the cost of a single system.

Whila the form of the analysis influences the specific methode used,
the hasic concepts of resource snalysis, lurgely determined by the char-
acteristics of long-range planning, &re cowmon to all.

Probably the single most influentisl characteristic of mil ary
long-range planning, from the point of view of the resource amalyst,
ig the time horizon, which extends five, ten, or »ven fifteen yesrs into
the futuve. His sights on the future. the plaaner i{s freed from many
of the conatraining {nfluences of the present end conseguently is able
to consider a wide renge of slternative ways of accoamplishing his objec-
tivas. However, ths price he pays for this freedom ie mesdsured {n terms
of the difficulty he hes in specifying anything definitively, and the
uncertainty wicth which he must live.

in the last analysis, the number and kind of slternacives the loug-
range planner considers are !'mited only by his imsgination. Alt..ostive
weapon desizas, sltemative ways of opersting & given system, alternative
syetems, and slternative forces or mixes of systems, &re indicative of

the rlazses of wlternatives open to im. With the emphasis on making a




prelimliary sclecrion of the more promising, from among the many possible
alternatives, it is unlikely tha® more then the msjor features of each
will be identified. Prc, sed sircraft are typically described by stating
their gross weigh ™, speed, number and type of engines, peyload, and it~
tie ele- Differentiation between alternative weap: gystems is likely
te be in terms of the distinguishing characteristics of the major hard-
ware ltews and suggested sctivity rates alone. Civen all of thig, the
cartainty with which sany one of the proposed alternatives can be ex-

pected to perform as stated is dubious at best. This is the envirconment

in which the essential precepts of militery cost analysis have been

formulated,

*
CONCEPTS AND . CTHGDS OF MILITARY COST ANALYSIS

Cne of tne most fundamental concepts of military cost analysis is
F that cost estimates are never made for their own sake alone. Such an
estimate is but one of many inputs i{nto che planrer's decision process
and hes meegning only when viewed together with appropriate measures of
effectiveneas or utility. Weapon systems, whose utility can be measured,

have become the building blocks of the military planner and consequently

the focus for military cost analysis.

E Even though the major hardware components ¢ & weapon system are
typlcally the most costly, requirements for related resources, such asg
highly truired personnel or exotic meterials when estimated to be in

short su.ply, may dictate the plamner's choice. For this r ason all

[Nt

of the resources necegaary to creete, install end main’ .n the complete
weapon eystem are germane, The concept of totel weapon system cost re-
flects this desire for comprehensiveness,

Resources required throughout the entire life of the weap ays-
tem must also be consfdered, including those required for research and

development, for system acquisition, ard for - -stem operstion unt{l

*Hhile this <¢iscussion of military cost analysis is velevant to
a1l branches of the military, much of the language and the choice of
{1lustrative material reflects the long sssoclation of thr ruthor with
te specific problems of the U.S. Alr Force.




phase-cut. This is the concept of total life-cycle, which astates that
all of the ressurces necessary to fulfill each of these functiomns shull
be eastimate aud s.parately identif{ed. Becsuse resources commaitted to
each of these phzees In the life of a system besr a different relation-
ship to time and to the number of units ¢f the weapon system procured,
displaying them separastely Sacilitates greatly the planner’s evaluation.
Researrh and development costs sre relatively independent ~f both time
and the number of units eventually procured. System acquisition costs
are also independent of time, but directl, related to the number of
units procured; while operating costs are related to the number of units
procured, and to the anticipated life of the aystem. 7This identifica-
tion facilitates distinguishing between those systems with relatively
different requirements for one-time snd recurring costs, and provides
the planner with the ability to approximate the cost of verying the
force size and the number of yesrs of operation.

A planner can always expect to introduce a future weapon system
into an existing military force and must understand that the weapon se-
lected will be only an sugmeatation to that force. C(onsequentiy, it
13 the concept of net additional, or incremental, resource requiraments
ascociated with making these augmentations th..t 1s relevant. Sunk costs
and resources ~ hand are of {nterest only in that, if available, they
may help to reduc: the {ncrementsl costs.

Aa {t ~annot be expected that the total quaniity of resources avafl-
able will be radically different from one time period to another, sched-
uling the {ntvoduction of new systems ard the phasing cut of old ones
80 that relatively even demsnds for resources are created becomas &
primary job of the plamner. To allow him to do rhis, eatimates of time-
phased costs must be provided as well,

Estimating with absolute sccuracy, under conditions of uncertainty,
18 recognized as being out of the question. Therefore, the analyst
concentrates on achieving relative accuracy and tresting esch alterns-
tive consistently.

The methode used to make cost estimates are many and varied. There
are instances when erx~ert opinions and informed judement provide the

only basis for an estimate, and others where mo.e foimal methods are
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used, One way of {dentifying the more formsl methods is to divide
them into three categories: atatisticsl method , engin~er'ng methods,
and accounting methods.

The statistical method I8 to use multiple correlation end regrecs-
sion enalysis to find and describe functionel reletionships between re-
souxce requirements and specific elements of system deacription, such
as weight, speed, activity rates and number of personnei. Historical
data, describing activities sssumed to be consistent with those pro-
jected for the future, are the basic ingredients of this method.

Though not necessarily so, tnis wethod is usually applied at a relstively
high level of aggregation, and to estimating problems involving very sd-
vanced weapon " ystems.

The essence of the engine~ring method {8 to bresk the system, or
item of hardware for which the resource requirements are to be estimated,
down into lower level component: auch that mesningful conjectures sbout
“he resource implic=2tions of each can be made. Statistical methods are
frequently applied at this lower level of detail, &nd the resulta are
then combined with the estimates of the resources required to integrate
the comwponents and the total {s obtained. One of the wost usefu'! prop-
erties of this method is that 1t helps seperate those parts of the prob-
lem that require novel treatment from those thet can be deslt with con-
ventionaliy. A disadvantsge is that it frequently leads to underesti-
mating, because inadequate sllowence is made for the cost of integration.
When {t {a necesgary *that the engineering methcd be used, the statistical
method {s often also applied at & more aggregste level of detaf{l to in-
sure against underestimating,

The accounting method reliss on the fact that certain factors, or
estimating relationships, are inherent in the books of account, finan-
cial or othe~.ie*. Overhesd rates, labor rates an. saterial consumption
rates ar~ exsmples. Ccnceptually, the method is simple, but doas usu-
ally require that estim.tes be made et & relatively lower level of de-
ta{l than {s genarally practt{cal. PFurther, when using the accournting
method, extreme caution must be exercised tc insure thst misleading
impressions, resulting from using the relationships out cf context, are

not conveysd.




As {8 obricus, each cf thesa methods hes beth sdvantages and digad-
vantages, but, typlcally, all rescurce eatimites prepared use all of
them in vr~ying proportions. How much, depends on many factors, includ-
frg: the tiwe available to make the estimate, the preciseness required,
the type of ansiysis contemplated, the availebility of descriptive in-
formetion, the form and avallability of relevant historicel data, and
the extent to which the subject of the estimate is a depacture from
past experience. 1In the last analyais, the selec.iun depends on the
experience and the preference of the individuel analyst.

Cost effect/veness analysis, cost-utility snalysis, cost benefit
analyasls, and systems analysis, each suggest methods for making compari-
sons consldering hoth cost and effectiveness. These snalyses tak~ on
many and varied formc, some mor: satisfactory tiaan oth---, acd e<+ch has
{ts propoments. The systems analysts have found two anaslvtical forms
to be preferred. The first ie called "fixed bulget' anaiyais, and the
second "fixed effectiveness'’ analysis. Fixed budget analysis assumes
8 predetermined budget and uses {t to procure as many units &s possible
of esch of the weapon systems to be compared. The effeciiveness of each
systew, bsaed ou the number procured, 1c estimated and the system pro-
viding the maximum effactiveness for the stipulated budget Is preferred.
The fixed effectivene=a snalysis wtarts by assuming a level of effective-
ness and proceeds to exsmine the cost of achieving {t, using each cf
the aiternative systems. The ledst costly saltemastive {s prafc.red.

One shortcoming of these epproaches is that by arbitraril> selecting
either a budget or a level of effectiveness an i{nefficient use uf mar-
ginal resourcee may be suggested. Only when the relaticnshis detween
effactiveness snd cost {s linesr throughout i{ts entire range will this
danger not exist. Howaever, making similer compariscns under different
assumptions about levels of resources or effectiveness {nsures agaiast
this without greatly complicating the snalysis.

Cost-effectiveness ratios ave fregquently used to make compsrisons
beczuse of thelr comciseness, thelr non-dimensionality, and their ab{l-
fty to fit neatly {nto relatively simple analytical models. With all
of these advantages, however, thay should be used vith extreme caution.

Most people have difficulty enough understanding 8 cost-effeciiveness

.




compariscn when elther one of the two dimensicons [s »~ld constant,

When both are aliowed to vary st

‘taunecugly, 8s 18 the case with any

razio, che difficulties are com'ounded.

frucial to a choice among siternative weapon systems is the ques-

tion of relative gvailability time-wise. (onsider the cade where an

otherwisge preferred altemative {8 nct avallable for some number of
yesrs.

If the job must be done sooner, another alternative must be

chogsen.

Further, having made the choice, the relative neritg of the

two alternatives mey well lcok differenc. This point {s particulariy

T important because in most analyses one of the

Ry

lternatives isg
a continuation of a&n existing weapon system and aunother is a sygten
that won't be available for ten years.

A COST SENSITIVITY ANALYSIS OF AN ANTI-SUBMARINE- L
LAUNCHED BALLISTIC MISSILE SYSTEM:

AN EXAMPLE

Cost gensitivity snalysis {: the cost snalyst's most useful tool

for dealing with uncertsinty. .o primary object.ve {3 to provide &

gydtem degigner o1 & jplenner with insights into the way System cos¥s

are infliuenced by changes (n specificati nas.

Knowledge thot the costs

of 4 systewm gve cithar sensitive or Insensizive to i

value of a par- T

tizular paremeter about which the

* {s uncerteinty car helip to guide
the design process by focusing sttenticn on arevas with potentially high
pay-offs,

The prodact of & cost sensitivity anaivsis {s, theretfore, & £, "

set of velaiionsh ps, graphic or ctherwise, that describes the wayv re-

scurce requirements react to changes {n &ssumptions and input values.

Cost sensiti{vity analysis is most bereficial vhen it {s treated -

es an integrel part of the system design and planning process. The

The cost analyst deterniaes the
rescurce implications of the {nitial descriptions.

systen designer specifics & system.

The system deaigner
reacts by changing nils specificetions and in this way the process con-

tinues. At no time is the study ically completed. As one {teration &s

finished, gquestions leading to another arc raised, and # systematic and

orderly sprroach to scquiring insights {s schieved,

With the emphasis on describing reletionships, abaciute values asre

of cecondury interest. Thelr main use | t v reanklog the aitermatives




congidered., The large number of variables and the complexity of the
interrelat.onships typleally involveu require the sensitivity analysia
to be conducted on an {ncremental learn-sg-yov-go vesis. Anything more
amb!tlious Iytically leads to complete ccunfusion. Just how all of thia

wvorxg will be demonstrated as we proceed to invescigate some of tne re
gource implicationg of a proposed system for defending the United States
ageinst « submsrine-launched bsllistic missile atreck. It wili be obvi-
ous, &8 the example unfolds, that as many questions are raised as are
suswered., This 18 &3 1t should be; for asking the right question {3
often the most difficult and fmportant part of anslysis.

There arc two logically aseparate and distinct opere ions required
to prepsre &n estimare of the cost >t & system: estimeiing the require-
ments for physical resources and translating the resource estimatos
into scatements of monetarv requicemente, Frequently the {wo are per-
formed simuitanecusly an. thus !vge their individual identities. This
war not the case, howvev.r, in the study that will be Aescribed. In
fact, tie most interesting &nalytical problems ancountered tuvolved re-
gource consfderaticnz primarily, Egtimating the monezdry requirements,
while not & trivial problem, was heondled {n & rolatively stveightior-
ward fashion and consequeoutly is not given exie.flve treatrment in thiisg
paper.

Defonding the Imttod Siates syafvat an atiack {rom 8 submarine-
leunched baliistic miasile, usine zauned 2irvcrate srmed with onti-
wissiie misa{les end carrving ‘nfra-rved deteoction equipment oc vadar,

{5 the major migaton of the svsiem nnalyzed.ﬁ Voye specifical v, {t was
assumed thut an alrcraft appropristely equipped sand on jafval over the
ocesn, would be able to detect the launching of s ballisgtic missile.
Having detected tae launch. the miestle's trajectory cucld be calcu-

lated ueing arn ou-dosrd computer, and er {nterceptoy zissile c¢ruld be

This example has 8130 been used tn P-3097, Cost Consftivity

Ansivsis. A, J. Tenzer, March 1965, snd as Chapter VIII of the book,

Systems Anaivyeis for Policy Flauning, edited by E. S. Quade and

W. Boucher, The RAND Corperation. To be publighed.
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isunchad trom the aivceraft such thét en intercept would be made prior
to the point where the submeiine-launched miassile entered the ballistic
phase of its f1{ght path, An alternate scheme, Imposing legs stringent
requiremente on the interceptor missile and assoc{ated computer, was
Blso guygeated, This was based on allowing the intercept to be made
after burnout and thereby increasing the time avzileble. A third veri-
ation was predicated on the fact that detecting & leunch also provided

information about the location of the submarine. This being the case,

an anti-submarine misaile having the potentisl of destroying the sub-

rerine 4ud &1l remsining missiles could be launched as well. A mixad
system rasulted,

Estimates of the lead times required for cbtaining & declsion to
go shead, to accomplish the necepsssrvy resesarch and development, and to
produce end instell the :quipment {ndicated that none of the ;roposed
systems could be fully operational {n less than ter yesia, thus fixing

the planning time horizon.

A token operationsl plan was salsc sugg :ted. It was assumed that
the aircraft would o depic~ed around the perime er of the country on
air baces 2lready in existence., It was recognized that the fessibiliry
of this would depend on the ¢-tal number of eircraft involved and en
the availability of air bases; therefore, verifying this was made &
specific obje.tive of the analysis. Heving no indicetion that one part
of the country would be more vulnerable to attack than ancther, it was
decided that & uniform coversge of the entire perimeter would be neces-
sery and alternate ways of accomplishing thia were suggested. One re-

quired maintaining enough aircraft continuously airborne in specified

tocations to cover the entire sres at all times, Another, assumed to
be less expensive, required keeping most of the alrcraft on the grourd

to be launched only when an alert was required. Still other variactions,

including providing complete coverage on & r._adomly selected basis,
were considered and sutliveed, However, most of the analytical work
described in this paper is based on providing coniinuous and completa , q.f

sirborne coverage.

Various flight plene for the patrol aircraft were considered,.

o - One, 33 shown {n Fig. 1, was to have che sircraf! ‘ske off from its
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bsse, fly to the speclfied patrol areaz, and remain on pstrol until it has
only encugh fucl remaining to returm to its base., Continuous coveragc
would be proviced by act Juling & second aircraft to ac.ive on stat’ -n
&s the firat departs. Another possibility suggested was to fly 8 num-
ber of aircraft spaced at intervals arocund a closed coursge such chat
complets snd continucus coverage of 8 apecified area would be achileved,
Othier variations were consldered 83 well, but these two received most
~f the attertion.

Antlcipating that the cost of the system would be sensitive to
the totsl number of aircraft required, the size of the area to he pa-

troliled and the contritution of esch aircraft became key considerations.

Agsuming that the entire perimeter of the country had to be protectad,
the area became & direct function of the necessary off-shore distance,

which waa entirely dependent on predictions of the range of the enemy

migailes. As such predictions were extremely uncertain, cff-shore dis-
tence was treated as s variable in the cost sensitivity anslysis. The
contribution of en individual aircraft would be largely determined by

the range of the sirborne detection equipment and the speed of the in-

terceptor nissile. As neltner of these items had yet undergone prelim-

inary design, their characteristics were aiso uncertain and treated as
vaviebles,
The choice of an aircraft for the missioun gseemed obvious. All

that appeared to be requived was a relatively unsophisticated aircraft

capable of keeping a large payload airborne for extended periods of
time. Attention focused on transport aircraft in general, and on the

KC-135 strategic tanker in particular. This aircraft not only had the

desired characteristics, but wes scheduled for phase-~cut at about the
gsame time these requirements would be generated, thus making it aveil- :ffff
able, and a free resource. For thesec iessuns it appesred to be too v
good & possibility to pass up. Fortunately, the coat analyst took it

upon himself to exsmine some other possibilities as well, and the re-

sults were smong the more important contributions of the cost sensitiv-

* LS
ity analysis. R

r————e ey s e

l'é *Cons1dernbly more &t sntion than hay been Indicated was paid to
mony other elements of the system, ™hiis was particulariy true of the
specifications of the interceptor micsile and related airborme equip-
ment, However, as those details are not essential to this presentation
they have been omitted.

S e
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The above description 18 yuite typicel and, if anything, suggesta
the avsilability of more informeticn than is usually provided. It aiso
reflects many of the questions confronting the planner whose main con-
cern is with either discarding the proposed system completely, or with
selecting that varient that seems, within the resource constreints, to
promise the highest probability of success. How the cost senalyst, using
cost sensiti “tv anélysis, cen help him to meke the necessary decisicns
will be 1llustrated.

The cost snalyst worked closely with the system designer to formu-
late th~ preilminery descripiion of the system and during that time
.2ined the impressions that guided his structuring or su anslytical
model, Any model, to be useful, must abstrszct *he complications of
reality, Those elements &bout which informatinn is sought must be high-
lighted, while others are played down. In that respeci, the structuring
of the model largely determines the informational output cof the analy-
sig, and therefore places significant demsnds on the experience, the
judgment, and the technical skill of the analyst.

As the system for providing continuous coverage from 2 fixed orbit
point was conceptusally the simplest, and was sufficiently representa-
tive of the suggested varlations, it was selected for modeling. Treat-
ing eech of the individugl air bases that might eventually be required
was slso consldered an unnecessary sophistication, and the concept of
using a single generalized or typical sir base was adopted,

The notion of a sortie-cycle, identifying all of the time spent
by a representative aircraft performing the functions required by the
mission, provided the underlying structure for th: regource model.

This cycle, shown schematically in Fig. 2, begins with the aircraft st
the end of the runwey awaiting take-off, and ends with the seme aircraft
once more in the same position. The individual segments of the cycle
indicste those operations, each time-consuming, that are essential to
the accowplishment of the mission. beparating the airborme and the
ground activitiee, as indiceted in Fig. 2, mekes the utilicy of the
rurtie-cycle apparent and suggests some interesting analytical possi-
bili{ties. The proportion of the time that each aircraft is eirbome,

and etfective on station, provides a direct indication of the total

~m
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o, = Hying hours effective on

sfation
s&z ay = flying hours from a3 = flying hours from
'(7/\// r base to stotion station to base
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Fig. 2—The Lortie-cycle
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mumber of sircraft required to perform the mission. For axewmple, if

ten eivivaft werz required on stativn continuously and each ai:-raft

spent o-a~third of its time there, & raciirement for & total of 30 air-

craft would exist., Alternately, 1f each aircraft spent helf of its

time on stetion, the requirement would be for 20, This suggests that

2 major concern of the anslysis should be with those elsments of the

systen thet influence this proportion. Deployment (which influencas

the time spent golng and coming), eircraft endurance (which governs

the total time spent in the air), the number of shifte during which

naintenance ls performed (which affects the time spent on the ground),

and the ower»ll scheduling of the sctivities, are 81l pcagible cand’dstes,
Obvicusly, aome of the activities included in the sorti:c-cycle

sre interrelarad, @2 are airborne time and maintenscnce scheduled on the

basis of flyiug hours. Structuring the model, therefore, requires that

these interrelstionships be made explicit. In ecaevhat simplified

form thie was sccomplished as follows, Using the symiols fudi.sied in

Fig. 2, tue sortie-cycle wes derined, mathematically, as tha sum of

its individual parts.
S-a1+a2+13+k1+k2+53+k4+35 (1)

where S = totel cyclie time
o, = flying time from bsse to station

= flying time effective on statiom

a, = flying time from station to base

kl = tims walting (en indication of inefficient scheduling)

k, = time required to on/off-load and service the sircreit

8y " time spent performing msintensnce scheduled on the basis
of sccumulated flying !ours

ka = time spent performing meintenance scheduled for eccomp-
lishment esach sort!s and inderondent cof scomulated
flying hours

8y ” time spent performing unscheduled meintenancs.




-16-

Including the maintenance which needs to be carried out after more
flying hours than &re generatel during & singie sortie, 345 required
a slight departure from reality., When, for example, an inspection was
required after each 6500 flying hours and each sortie contributed 60,
one-tenth of the total time necessary to perform the inspection was
identified to each sortie. Further, so that the time related to the
performance of the inspection would vary properly with changes ia sor-

tie length, the variable g, vas expressed as follows:

£, - k3(n1 +a, + 83)
where k3 = factor applied to total flying hours,

(a1 + 8

2 + a3) = total flying hours accumulated each sortie-cycle.

Experience has shown that the requirements for unscheduied main-
tensnce are more cloz~'y related to the accemplishment of unscheduled
maintensnce than to anything else. To reflect this relationship, the

varisble By was expressed &8s a function of the variables 84 and ka.

By = kslgy * ¥

vhere ks = factor appiied to total scheduled maintenance.
When equat:on (1) wes expsnded to include the expressions for 8,
and g, and appropriate simplificst{ons were made, the following equa-
b

tion resulted:

k.. (2)

S = (a1 + a + 13)(1 + Kk, + 3ks) + k, +k, + k& + k& 5

2 3 1 2

To use equetion (2) to determine the number of aircraft, the pro-
sortion of the time each aircraft spends on station was defined symbol-

ically as

a,/S,




-17-

and when the number of alrcraft required on station n {8 given, the

total requirement N may be calculated &s follows:
N = n(s/c,).

However, a more useful expression results when the expanded defi-
nition of the sourtie-cycle (equation (2)) is used in place of S. Making
this change the model for estimating the total number of aircraft re-
quired becomes

+ 4+ + +

N (n/ez) [(a1 a 83)(1 + k k3k5) k

+ky tk, o+ kl‘ks], (3)

2 1 2

3

As will be shown, this relatively simple relaticnship cen provide
congiderable information about the resource implications of some of the
difficult questions raised earlier.

The equation, »r model, just described was but one of many ther
were included in the larger model which was actually used. The require-
ments for perscanel, the cost of purchasing afrcraft and missz{les, the
cost of air base construction, and the cost of supplies snd services,
are cxsmples of she other {tems that were treated in similar fashion.

A better noticn cf *"¢ comprehensiveness and complexity of the totel
mode]l can be obtained from viewing the sample output form shown in Ap-
pendix A. However, inasmuch &s the sensitivity analyses performed with
the afrcraft model alone {llustrste quite well those conducted with the
larger mof~l, they have been selected for further discussion here.

Even though the KC-135 had much to recomasend i{t, you will remember
that the cost analyst had some reservationa which, as it evolved, were
based largely on a judgment about the fmpcrtance of aircraft endurance,
Because the number of sircraft required largely Jetermined the svs-
tem cost, the aircraft model (equation (7)) was used to investigate
the relationship between endurance and the number of sfrcraft. The
firet step {u the analysis was to highlight the destred relationship
by restructuring the model slight*ly. The vsriable e, representing

the af{rcraft endurance, was substituted for the asum of the terms

12, and s

1 3 However, to maintain the identity of &,, the
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time effective on station, the sum of a and 53 was set equal ¢o the

constant Ko' and a, became & - Ko' Further, as thelr values w» uld be

2

unaffected by changes in zndurence, kl' k2 ces k5 were combine:: ap-
propristely and rerresenced by constants: K1 wvas substituted tur the
sum of 1, k3 and k3k5; and K2 was substituted for the sum of kl' k2,
k“ and kékS’ The equation wasg then rewritten

‘- nKle + nK2 . @)

e - K
o

it can be seen tiat K1 represents the time required to bs spent
on the ground, that is, dependent on the flying hours, increased by
one ; K2 reflects that ground time related only cc the accorplishment
of & sortie:and Ko i the time spent in the air both going to and re-
turning from the station. One could see from equation (4) that as the
endurance e approached the value of Ko, a requirement for an ‘nfinite
number of aircraft was implied which meant that an aircraft had to
have at least enough endurance to go and return from the station. The
effect of very long endurance was shown by recasting equation (4) as

follows:

. - nhlﬁ . nkz
e-K =2-K
0

o)

It was seen that when e wes allowed to become infinitely large,

the equstion became essentially
N = nK, .
i

Thoss activities, K,, which are relalzd oniy to the accomplishment of
the sortie, become ;nuignificunt #s the endurance becomes .arge, and
ers therefcre conveniently assumad to be zero. This ssays that at least
enough aircraft to cover both the on-station requirements (n), and the
ground vequirements genersted by flying hours are necessary. All of
this suggests that the number of si{rcraft required {s i{ndeed senst-
tive to the endurance and that in genereal the longer the endurance,

the fewer the number of sircraft requ-red.

-
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After this preliminary examination, endurances representative of
a range of candidate aircraft and the asppropriate values fur the equa-
tion constants were used to solve equation (4) and the reaults are
shown graphically in Fig 3. As was expected, the sghorter the endurance,
the larzer the number of aircraft required. More 1mportant, however,
the curve implied that for relatively short endurance sircreft, the ex-
act endurance was critical, while the same was not true for longer en-
durance a2ircraft. Further, the gains to be achieved by extending en-
duvance decrease rapidly with successive Increments of endurance.
Indications were that an aircraft with sn endurance falling just to the
right of the inflection in the curve would be desirable.

To tie thesc generalities to something more spacific, the cost ana-
1.3t carried out the research that resulted i the Iintormation shown
in Fig. 4. It was pointed out that endurances representing the KC-135
and other cu:rent jet transports were typical of those shown on the
lowei end of the e~durance scale. An {ndicetion of the problems esso-
ciated with obi ining aircraft with more endurance was alsc provided.
It was pcinted cut that the first, and apparently most valuszble, incre-
ment of endurance could be achieved by developing and buillding & new
long Tadurance Alrcrsft (LEA). No state-of-the-art problems were an-
ticipated, Further, the endurance of the LEA could be {ncressed simply
by making it larger. Howsver, {f st{1] more endurance was sought, a
complete research and development prograr invelving rovel fnnceveticns
such as leminar flow control and regenarative engines would be required.

Some of the characteriatics of the ground operation that influ-
enced the requirement for afrcraft were exsmined next. Firstg, the im-
plicaticns of acheduling maintenance on a rrund-the-clock basis rather
than an 8-hour day were inveztigated. Since the calculati.ns cade thus
far were based on single shift maintenance, the {mpact of &a.dirg & sec-
ond and third shift can be shown by repeat:ine the calculations with
different values sssigned to the variables of the equat:or that reflect
the time requirrd to perform maintenance k, and kg. Thew were doubled
and tripled in turn wi'h the rejultes shcvn“in Fig. 5. 1he essential
point of this presentation was that {f relatively shcr: endurance afr-

craft woere used, the gains to be schieved by switchin:s to- multi-shift
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Number of aircratt |

Endurance (e
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Fig.3— Number of aircraft versus endurance
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Number of aircraft {N)

Endurance (e)

rig. 5—Number of aircraft versus endurance
and number of maintenance shifts
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maintenance were gignific:int. On the other hend, ag aircraft endurance
was incressed the gains were decreased, This relationship 1is illug-
trated in Fig. 6.

Foliowing this, the amount of time required to on/off-load the aix-
craft was gssumed to be zlterrvately double, and half, the emourt ss-
sumed thus far, and the results are shown in Fig. 7. The percentage
of the fleet effective on station &t any time has now bezen used sg the
dependent variable, instead of the total number of sircwaft. Figure 7
conveys much the ssme information &s did Figs. 5 and 6. When relatively
short endurance aircraft ere used, sny reductions in the smount of time
spent on the ground vield significant savings. However, as the endur-
ance of the aircraft becomes larger, the savings to be reslized become
ameliler.

The next stage was to analyze the impact of changes in the time
requi~+d for an aircraft to make the round trip from base to station,
and the results are shown in Fig. 8. These curves are similar to the
one shown in Fig. 3; however, it mey be noticed that &s the round trip
time becomes longer, the minimum endurance required becomes greater,
which indicates that there mey be cases where the minimum endurance re-
quired is sufficlently high tc eliminate some sircraft from considers-
tion. It once again sppears, however, that 1f an aircraft with long
encugh endurance is svailable, the round trip time is of little comcern.
The time -equired for the round trip can be viewed &8 a proxy for a
number of other system variables--the off-shore distance, the location
of the bsses, and the spesed of the aircraft. As will be remembered
from the earlier discussion, there was considersble uncertainty sssoci-
ated with each of these,

If one were to r¢capitulate at this point, the conclusion would
probably be that the choice of the KC-135 was not & good one. Consid-
exsble uncertsinty exists with respect to # number of the system param-
eters and a long endurance aircraft promiges to provide substantial
insurance againat unfsvorable ocutcomes. However, all the indications
seen to point to & relatively swail long-endurance sircreft. It is im-
portant to collect one's thoughts &s above, but it is equally important

not to be too easily influenced as should become evident,
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rig. 6— Aircraft saved by adding 2nd and 3rd
shift maintenance versus endurance
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Fig. 8—Number of aircraft versus endurance
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An area of uncertainty not yet mentioned has to o with enemy tac-
tics. The whole idea of providing uniform coverage of a pre-determined
&rea assumes lmplicitly that the enemy submarine force will be deployed
similarly. No provision has been made to counter a tactic of "wolf-
pvacking' or otherwise saturating a particular section of the defense
zone. There were & number cf ways suggested for doing this., One was
to put more than one aircraft on each station, and another was to pro-
vide each sircraft with the capability of handling more then one sub-
merine at a time, The latter seemed the more interesting of the two,
but had esignificant implications regarding the payload requirement for
the individual aircraft, These implications are pursued in the follow-
ing {llustration.

It was reccgnized that there would be some flexibility wich respect
to the sllocation, between fuel and payload, of the weight carried by
the aircraft. It was further suspected that the extent of this flexi-
bility was very much related to the psrticular aircraft selected. To
provide some insights into :this relationship, it was decided to estimste
the cost of keeping one million pounds of paylosd continucusly airborme
using aircraft typical of each of four general cllaseg* and allowing
for a substitution of fuel for payload and vice versa.

The general form of the result, for & single claass of aircraft,
can be anticipated. Consider the case where &ll but & very small part
of the allowable weight has been given over to fuei. The endurance
wouid be at & maximum which, as has elready been demonstrated, tends
to reduce the number of aircraft required. However, as the task stip-
ulated {s tc maintain one million pounds of payload continuously air-
borne, and each -~ircraft carries a s:all payload, a large number of
aircraft are required. It ie obvious that a!'.wing more payload per
aircraft will reduce the number required. The other extreme where
essentially ail of the weight {s allocated to payload, creates an equally
unreasounable alternative. With only 5 small smount of fuel, the endur-
ance becomes very small, thus requiring msny afircraft independent of

payload per sfrcraft. For these -eessons, the cost versus payload

*

The four geuwecial classcs sre: Current Jet Afrcraft, Small Long-
Eudurance Aircraft, Lscge Long-Endurance Afrcraft, snd large Long-
Endurance Aircraft with R&D.
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reletionship 1a typified by & curve reflecting & minlmum cost at some
middla value for payload and high coats for payloads much above or be-
low that velue.

Equa’ ‘on (4) was modified to include the relationship between payload
and endurance, and to translate {2 number of aircraft into a total 5-year
system cost. For simplicity's sake, a linear relationship between pay-
load and endurance for & given sircraft was assumed. Also, total sys-
tem cost was estimated strictly as & function of the number of aircraft

required. Thege relationships and the revised mcdel are shown below.

e =y +op

where e = the endurence of an individual aircraft
p = the payload

Y and © = the equation parameters

snd

C =R + N(I + 54)

where C = the total system cost

R = research and development cost

I = the {nvestment cost per aircraft
A = the annual coat per aircraft

N = the number of alrcraft raquired.

When the total peyload to be msintained sirborne was identified
as P and the sbove expregsions were combined with the expression for
determining thes number of sircraft (equation (4)), the model used for

this evaluation was

PK, 9p + PK_y + P

c-R+[ 12 1 K2}~{1+5A}, (5)
@ +rp(y - K)

~here F = nn . p = total payload on station,

When p was assigned, 8 range of values peculiar to the perticular
class of sircraft and the fravel time Ko was allowed to very between

two and eight hours, the results shown in Fig. 9 were obtained.

T



-y

R & D + investment + 5 years operating cost

-2G~

CURRENT JET

Flyout time (hr) =
8 2

SMALL LEA

LARGE LEA
8 2

LARGE LEA (R&D)

Payload per aircraft (Ib}

Fig. 9—Total cost of keeping one million pounds of payload on
station versus payload weight per aircraft and flyout time
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The mos!% striking feature of the ~urves shown was observed to be
the additional loading flexibility achievable with the long-endurance
alrcraft, for what appeared to be legs thau the cost of the current jet
aircraft. Further, if thia flexibility were desirable, going to a
larger rather than a sme.ler long-endurance aircraft was suggested &s
the differences in cost were slignt. These curves further demonstrate
the relative sensitivicy to travel time exhibited by each cf the dif-
ferent types of aircraft.

As the study progreesed, more questions about sti{ll further fea-
tures of the system were raised, aud cach led to more analysis. How-
ever, while the subject metter of concern changed, the basic analyticel
methods used were similar, ard detsiling them here would not further
the objectives of this discussion.

Much of what has been described must appear quite simi{lar to con-
ventional operstions research. There are differences, however, and
they are significant. HMoat of these follow directly from the subject
matter and the environment of the analysis; the 2xtent to which aiter-
natives can be described and objectives defired., 1In operaticns re-
search, it 1s usual tc have relatively well-defined means snd objectives,
and consequently using appropriate analyt . cal methods cptimal scolutions
can be found. In long-range planning this is seldom the case, and the
best that anelysis can do {8 to indicate thst, given certsin assump-
tions, one alternative ie preferred to snother. For long-range plan-
ning it is typicai that major policy issues #re st stake and quantita-
tive snslysls provides but one {:vut into the decision orocess end not
always the deciding one, The poliiical &nd social implications are
frequently overriding. For these reasons, resource sanalysis aims at
{lluminating {ssues rather than optima: solutions. Ome way the two an-
alytical apprcoaches have been described is: Analysis for long-range
plann. 3g provides the init{al filtering of & wide range of {1l-dufined
alternstives, and by so doing {dent.fies those which should become the

subjects of more detsiled anslyses (operations resesrch).
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Appendix I

SUBNARIFE LAUNCHED BALLISTIC MISSI1EX DEFENSE SYSTEM

CASE NO.

INITIAL IKNVESTMENT COSTSB

AIRCRAFT

MISSILE

TOTAL PROCUREMENT

PRIMARY MISSION BQUIPWMERT
PRIMARY MISSICN BQUIPMENT SPARZS

TOTML AGE + AXE

AEROSPACE GROUND BQUIP.

AEROSBPACE GROUND EQUIP. SPARES
AIRBORNE ELECTRONICS BQUIP.
AIRBORNE ELECTRONI(Y BQUIP, SPARES

TOTAL FACTLITIES

TOTAL TRAINING AKD TRAVEL

TRALEING
TRAYEL

TOTAL OTHER INVESTNENT

INITIAL 8TOXB
ORGANIZATIOHAL EBQUIPMENT
TRAREPORTATI ON

TOTAL INITIAL INVESTMONT
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Appendix II

AKNUAL OPERATING COSTS

Pr——

ATIRCRAFT | MISSIiE

TOTAL

TOTAL OPERATIONMS

MATNTENAKCE
i ]
ATIRITIOR
REPLACEMENT
CONSUMPTI OX

TOTAL AGE AND AEFE MAINTENAECE

AEROSPACE GROUND BQUIP. MAINT.
ATRBORNE ELECTRONICS EQUIP. MAINT.

TCTAL FACILITIES MAIRT. + REPIACE.

FACILITY MAINTENANCE
FACILITY REPIACEMENT

PAY AXD ALLOMARNCES
TRAINING
TRAVEL

TOTAL GTHFR OPERATING

e b e

REPLACGHENT OF CRGARIZATIONAL BQUIP.

JRANSPCRTATION
¥ISCELLANEXUSB

e

J0ZAL ANUAL OPERATING

REBRARCH AND [EVEILOPMENT

TOTAL 5-YRAR SY3TEM CO8T




NUKMBER OF BASES VER SYSTEM
NUMBER OF STATIONS PER SYSTEM
ENDURAKCE EOURS. ..
RESERVE FLYIRG HOURS PER FLICHT
¥LYIRG HOURS FROM BACF TO STATION
OPERATLONAL AIRCRAFT PER SYSTEM

.................................

Appendix I1I

MISCELIANEOUS DATA
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...........................

LAPSET BOURS PYR MISSION INCL. MAINT......

EFFECTIVE UTILIZATION RATE (PERCENT)
EYFECTIVE TIME ON STATION (HOURS)
OPERATIONAL AIRCRAFT PER BASE
TOTAL PE:SONNEL PER BASE
RUMBER CF SHIFTS PER DAY

NUMBER OF MISSILES P¥R AIRCRAF.

WEIGHT OF BACH MISSILE
COST CI MISSILE WUMBER 1
CUMULATIVE COST CURVE SLOPE (MISSILE)
PROCUREMENT LEVEL FOR MISSILES
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